We quantify the strength of stimulated forward Brillouin scattering in hollow-core photonic bandgap fiber through a combination of experiments and multi-physics simulations. Brillouin spectroscopy methods reveal a family of densely spaced Brillouin-active phonon modes below 100 MHz with coupling strengths that approach those of conventional silica fiber. The experimental results are corroborated by multi-physics simulations, revealing that relatively strong optomechanical coupling is mediated by a combination of electrostriction and radiation pressure within the nano-scale silica-air matrix; the nontrivial mechanical properties of this silica-air matrix facilitate the large optomechanical response produced by this system. Simulations also reveal an incredible sensitivity of the Brillouin spectrum to fiber critical dimensions, suggesting opportunity for enhancement or suppression of these interactions. Finally, we relate the measured and calculated couplings to the noise properties of the fiber as the foundation for phase-and polarization-noise estimates in hollow-core fiber. More generally, such Brillouin interactions are an important consideration in both the high and low optical intensity limits.
Introduction
In contrast to conventional step-index fibers, hollow-core photonic bandgap fibers (HC-PBF) produce guidance of light in air through Bragg reflection from a periodic silica-air matrix [1] [2] [3] . This unique form of guidance has enabled powerful new opportunities for both classical and quantum applications. In the classical limit, reduced interaction of light with the silica-air matrix greatly reduces nonlinearities, enabling high power laser delivery [4] and new forms of optical pulse compression [5] . Infiltration of these hollow core fibers with atomic vapors and liquids radically enhances light-matter coupling as the basis for a diversity of new light sources [6] . In the quantum limit, strong coupling to atomic vapors, enabled by hollow-core fibers, has brought new concepts for single photon nonlinearities and interactions [7] [8] [9] [10] , including switching and memories [11] . Such applications require reduced interactions with the silica-air matrix, as both stimulated and spontaneous light scattering processes adversely impact quantum coherence [12] [13] [14] [15] [16] [17] [18] [19] [20] . While Kerr and Raman nonlinearities are greatly suppressed in such fibers [1] [2] [3] , little is known about the nature of third-order Brillouin interactions (resonant light-sound coupling), and the implications they could have in both low and high optical power limits.
In the high-field limit, strong coupling between guided photons and phonons produces Brillouin-based amplification of light within solid core fibers [21, 22] . In the weak-field limit, this same interaction produces incoherent light scattering processes that corrupt quantum coherence [12] [13] [14] [15] [16] [17] [18] [19] [20] . For instance, spontaneous forward-Brillouin interactions (also termed guided-acoustic wave Brilloiun scattering, or GAWBS [23, 24] ) pose a fundamental limitation for fiber-based generation of nonclassical light in silica fibers [12] [13] [14] [15] [16] [17] [18] [19] [20] . More recently, hollow-core fibers have been used to achieve strong coupling with atomic vapors for a range of quantum information processing schemes [7] [8] [9] [10] [11] . Owing to the reduced interaction of light with the silica-air matrix of a HC-PBF, one might expect Brillouin noise to be negligible in these systems. However, the observation of excess noise at frequencies consistent with acoustic phonons raises important questions about the strength and nature of Brillouin interactions in hollow-core fibers [25] . While the phase matching considerations for this process are Original content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence.
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identical to those of solid-core fibers, the nature of the optomechanical coupling within the nanomechanical silica-air matrix is far more complex, making the mastery of such interactions in HC-PBF very challenging.
In this paper, we quantify the strength of photon-phonon coupling in HC-PBF for the first time through a combination of experiment and theory, revealing a range of nontrivial optomechanical interactions mediated by the nano-scale silica-air matrix. Using a sensitive stimulated inter-polarization forward Brillouin spectroscopy technique we measure the coupling strength and frequencies of forward Brillouin interactions; experiments reveal a densely spaced set of Brillouin-active phonon modes below 100 MHz with linewidths that increase monotonically with frequency. Surprisingly large forward-Brillouin coupling strengths (10
) are found, approaching the magnitudes of those of solid-core silica fibers (for example, forward Brillouin gain in SMF28 is ∼10
, as calculated in [21] ). Measurements are corroborated through multi-physics simulations, revealing identifiably different types of Brillouin active phonon modes: those with high energy densities in the nanoscale silica-air matrix and extended phonon modes with energy distributed throughout the entire fiber cross-section. In addition, each mode type can have varying degrees of localization. Comparison of the Brillouin linewidths observed in air with those observed under vacuum reveals a clear (2.5-fold) change in phonon linewidth, providing strong evidence that the nanoscale silica-air matrix participates strongly in a subset of these phonon modes.
Computational studies also reveal incredible dimensional sensitivity of photon-phonon coupling, suggesting that a one-to-one mapping of simulated to observed Brillouin-active modes is difficult without extremely precise knowledge of the fiber dimensions along its entire length. Alternatively, these same simulations suggest that there is significant opportunity to either enhance or suppress photon-phonon coupling through small modifications in the fiber dimension. Through experiments, we show that the strength and character of the Brillouin response is very sensitive to the conditions of optical coupling, indicating the noise properties of this fiber can vary significantly without proper care.
Finally, we provide an analytical expression that relates the Brillouin coupling coefficients to the spontaneous Brillouin power-spectrum. That is, we illustrate that only the coupling strength, Brillouin linewidth, and temperature are needed to relate the Brillouin gain coefficient to the noise spectrum, in a general way. Thus, the forward Brillouin scattering limitation for both high power and noise sensitive applications is directly determined. Furthermore, new understanding of Brillouin interaction in HC-PBF may eventually find applications such as for frequency-comb generation, active phase modulation and high-harmonic modelocking of lasers [22] .
This paper is structured as follows. In section 2 we introduce the basic physics of stimulated Brillouin scattering in HC-PBF and describe the phonon-mediated four-wave mixing (Ph-FWM) processes that are used to quantify Brillouin interactions in HC-PBF. In sections 3, 4, we describe our experimental results, and quantify the strength of Brillouin coupling. In section 5, we develop multi-physics simulations and compare the simulated Brillouin couplings with the measured couplings. In section 6, we connect the experimental and theoretical results to spontaneous Brillouin scattering, and in section 7 we discuss the potential implications of our findings and conclude.
Forward Brillouin interactions in hollow core fiber

Stimulated forward Brillouin interactions
This paper explores forward Brillouin interactions in the hollow core photonic bandgap fiber of the type seen in figure 1(a) with a 1550 nm wavelength (for more on HC-PBF fibers of this type, see [1] [2] [3] ). Through forwardBrillouin processes, resonant coupling between co-linearly propagating guided optical waves is mediated by a combination of material-induced electrostrictive forces and radiation pressure. Electrostrictive forces are derived from the photoelastic (or nonlinear) material response while radiation pressure forces are geometric in origin. These forces are generated according to the rules described in [26, 27] and are nonzero in the presence of a strong electric field, near the center of the hollow-core fiber ( figure 1(b) ). Radiation pressure produces surface pressure normal to the nano-web surfaces (at dielectric interfaces) and electrostrictive forces are expressed in the silica material and at surfaces. The complexity of the optical field and silica mesh translates to a highly nontrivial force distribution in the photonic bandgap fiber. For a monochromatic guided optical mode, these driving forces are almost completely transverse.
Through forward Brillouin processes, co-linearly propagating pump and Stokes waves with frequencies 1 w and 2 w , respectively, couple through resonantly generated phonons of frequency difference ; shown schematically in figure 1(d) . The set of phonon modes i { } W that are 'Brillouin-active' satisfy the pm), they can, to an excellent approximation, be treated as transverse acoustic resonances at the phonon cutoff frequency (i.e., the K = 0 mode).
Depending on the symmetry of the phonon displacement field, the Brillouin active phonon mode can produce either intra-polarization or inter-polarization (depolarization) scattering [23, 24] . For intrapolarization scattering processes, the interacting pump and Stokes waves propagate in the same polarization mode, whereas through inter-polarization scattering the Brillouin active phonon mode couples optical modes of orthogonal polarizations. As in conventional silica fibers, both types of interactions are possible in the HC-PBF system under study.
Both ^for inter-polarization scattering. Note that the magnitude of G i depends on the opto-mechanical coupling strength of the Brillouin-active phonon mode (equation (1)), which is related to the relative symmetries of the optical and acoustic modes.
Spontaneous forward Brillouin scattering
The underlying physics of spontaneous Brillouin interactions (also termed GAWBS) is very similar to that of stimulated Brillouin processes. In both instances, Brillouin active phonons mediate energy transfer. However, the active phonons are thermally populated (or thermally driven) in the spontaneous Brillouin processes (figures 3(a), (b)), whereas with stimulated Brillouin processes (figures 2(b), (c)) phonons are driven by optical forces. The phase matching conditions are identical for both processes ( figure 1(d) ). Additionally, the scattering rates for the spontaneous Brillouin scattering are expressed succinctly in terms of Brillouin gain coefficient as
, where N(T) is a temperature dependent driving term; for further details, see section 6.
Phonon mediated four-wave mixing processes
In contrast to backward Brillouin processes, guided optical modes with a wide wavelength separation can interact with the same forward Brillouin active phonon mode. Since the optical group-velocity, v g , changes very little with wavelength, the same phonon mode, of wave-vector K v 
for intra-polarization scattering and
for inter-polarization scattering; we refer to the former as co-polarized Ph-FWM and the latter as depolarized Ph-FWM. Note that while only the anti-Stokes process A , Exploiting the broadband nature of this interaction, phonon mediated four-wave mixing methods of the type described in [28, 29] are readily used to quantify the Brillouin coupling strength of isolated Brillouin resonances. Through these studies, co-polarized Ph-FWM was implemented, providing a sensitive method for detection of forward-Brillouin coupling in waveguides. However, through co-polarized Ph-FWM scattering measurements, Kerr induced four-wave mixing complicates the interpretation of densely spaced phonon resonances of the type observed in HC-PBF.
To avoid the problem of Kerr and Brillouin interference in HC-PBF, we perform depolarized (orthogonally polarized) Ph-FWM. This yields virtually background free measurements, permitting us to unambiguously . Using additional polarization-based filtering, this signal wave is detected, permitting a nearly background-free measurement of photon-phonon coupling in HC-PBF.
As we will discuss further in section 5, silica fibers with perfect azimuthal symmetry will have a vanishing G G i i , meaning that depolarized Ph-FWM also vanishes. However, the unique symmetry properties of the HC-PBF yield appreciable coupling through depolarized Ph-FWM. Through this interaction, the signal field (A 4 )
, where A 1 , A 2 , and A 3 are input drive-fields. For small values of A 4 , the drive fields are approximately unchanged, meaning that at the output of a fiber segment of length L, the peak power scattered by the ith phonon modes is P G G L P P P 4
= . In this way, our experiments allow us to quantify the magnitude of G G i i through depolarized Ph-FWM. Through numerics, we show that the majority of Brillouin active phonon modes in HC-PBF produce strong depolarized Ph-FWM, meaning that these measurements provide a powerful new window into the stimulated Brillouin interactions in HC-PBF. We also show that the scattering rates for spontaneous Brillouin scattering are expressed succinctly in terms of these same gain coefficients, G i  and G i^i n section 6.
Stimulated Brillouin spectroscopy
A hybrid free-space and fiber apparatus is designed for sensitive measurement of depolarized phonon mediated four-wave mixing (see figure 4 ) [28, 30] . The two pump-fields (red), 1 w and 2 w , are synthesized from a monochromatic laser line ( 1535 l = nm) using an intensity modulator. This is accomplished by biasing a Mach-Zehnder electro-optic modulator for maximum carrier suppression. The modulation frequency is swept through the Brillouin-active resonances producing a resonant excitation of phonons in the HC-PBF. A continuous-wave probe beam (blue), 3 w , is simultaneously injected into the fiber ( 1546 l = nm) with a 50:50 beam splitter, to permit detection of the excited phonons via Ph-FWM. Through this resonantly driven Brillouin scattering process, Stokes ( 5 w ) and anti-Stokes ( 4 w ) sidebands are imprinted on the probe beam ( 3 w ), as sketched in figure 4 . These Brillouin signatures (sidebands) are separated from the pump (red) using both spectral and polarization filtering before they are measured with heterodyne detection. The Stokes and anti-Stokes signals are detected at distinct frequencies by using an acousto-optic modulator (AOM) to synthesize a frequency-shifted local-oscillator. As shown in figure 4 , probe laser light is frequency shifted from 3 ( ) w to 3 ( ) w + D in the reference arm of the interferometer before it is combined with the generated signals at frequencies 4 w and 5 w .
The Stokes and anti-Stokes signals are then detected as beat-notes at frequencies i ( ) W -D and i ( ) W + D using a receiver. By tracking these distinct beat-notes as the drive frequency is swept, the Stokes or anti-Stokes Brillouin spectrum is measured versus frequency. Note that the Stokes and anti-Stokes Brillouin spectra contain identical information about the system. However, the use of a positive frequency shift from the AOM introduced an unwanted tone at the 40 MHz frequency of the AOM. To avoid this spurious tone, we show the Brillouin spectrum obtained by measuring the anti-Stokes Brillouin spectrum in figure 4 .
Measurements reveal multiple closely spaced peaks below 100 MHz, which reduce in amplitude at higher frequencies ( figure 5(a) ). The linewidth of the resonances at the full width at half of the maximum power is shown to increase monotonically with frequency ( figure 5(b) ). The quality factor near 50 MHz, or f f D , is 200.
With the known powers, fiber length, and coupling factor, the measured signal can be related to the nonlinear
. When coupled with the AOM shifted reference signal, the measured heterodyne signal is given by P P P L G G P P P P 2
, where P AOM is the optical power in the AOM arm; here η is a unitless scale-factor that accounts for the experimental losses produced by numerous fiber components in the optical path between the fiber segment and the detector. This coefficient was obtained through careful calibration of this apparatus using reference signals of known powers. Given P P 42 mW 1 2 = = , P 6.6 mW 3 = , P AOM = 0.76 mW, L 1.61 m = and 7.6 10 2 h =´-, we find that the peak gain is given by G G 1.6 10 figure 5(a) . Note that the slight asymmetry seen in the Brillouin line-shapes are consistent with a small residual contribution from Kerr-induced four-wave mixing [29] .
Air damping within the photonic lattice
Based on our discussion in section 2, optical forces (that drive the Brillouin-active phonon modes of the system) are only non-vanishing near the core of the HC-PBF. Hence, all of the Brillouin active modes produce appreciable motion of the silica-air matrix. The participation of air in the motion of these modes leads us to expect appreciable change in the Brillouin linewidth as viscous damping of air is eliminated [31] [32] [33] . To test this hypothesis (and the interpretation of these signatures as Brillouin-active phonon modes) we place the HC-PBF in a vacuum chamber such that the Brillouin spectra can be obtained with and without air (i.e. under vacuum). The HC-PBF is therefore loosely mechanically spliced to standard single mode fiber on both sides such that there is open access to the HC-PBF by air. Heterodyne spectroscopy is performed using the all-fiber apparatus seen in figure 6(a) . The free-space beamsplitter of our previous apparatus is replaced with a fiber wavelength-division multiplexer, the waveplates by fiber polarization controllers, and the collimators by direct fiber connections. While the additional singlemode fiber in the beam path presents many nonidealities , including a larger FWM background, drift and nonideal HC-PBF coupling, the linewidth and frequencies of the resonances can be accurately determined for a series of isolated Brillouin-active modes. We use the procedure described in [29] to interpret the measured Fano-like resonances ( figure 6(b) inset) . Prominent and reproducible peaks are fit and the fit parameters of three traces are averaged, giving their frequency and linewidth ( figure 6(b) ). This procedure is repeated in both vacuum and air. The result is striking; figure 6 (b) reveals a clear (∼2.5-fold) linewidth narrowing when the fiber is evacuated. Hence, these measurements strongly support our interpretation of the resonant family of Brillouin-active phonon modes seen in figure 5(a) .
Simulations
Numerical simulations are developed to further explore the mechanisms behind forward Brillouin scattering in hollow-core PBF, following the methods described in [26, 35] . 2D finite element model (FEM) simulations capture the character of acoustic displacement fields that participate in forward Brillouin scattering processes; phase matching requires a vanishing longitudinal wave-vector, meaning that all of the Brillouin active phonon modes are, to a superb approximation, transverse in character. This same 2D FEM simulation domain is used to identify the guided optical modes supported by the fiber optic structure. The coupling ( G i { } ) to each Brillouinactive phonon mode ( i { } W ) is readily computed through overlap integrals between the computed optical and phonon displacement field distributions [26] . Note that the accurate specification of the numerous geometrical parameters of the HC-PBF poses a significant challenge. Fortunately, this fiber (HC-1550-02) has been the subject of careful analysis for the purposes of accurate electric field calculations [34] ; using the parameters of [34] and through additional discussions with these authors, we accurately specify the hollow-core fiber geometry seen in figure 7(a) . The inner two rings of holes (green in figure 7(a) ) were adapted directly from scanning electron microscope (SEM) data (or images) provided by the authors of [34] . The remaining geometry (blue in figure 7(a) ) is completely specified by three parameters measured in [34] : d from figure 7(f), the hole-to-hole spacing, and the fillet radius of the corners.
By importing the measured fiber cross-section into our COMSOL Multiphysics FEM solver, we obtain the simulation domain seen in figure 7(a) ; both optical and transverse acoustic modes were simulated using the same simulation domain. The fundamental guided optical modes of HC-PBF fiber were simulated using a 2D mode solver. The field profiles, effective mode index, and group velocity of the computed modes demonstrate good agreement with those computed in [34] . The modal energy densities for two orthogonally polarized modes of this system are shown in figures 7(b), (c) . This same simulation domain is used in the structural mechanics module where we solve for the transverse acoustic modes of the 2D hollow-core geometry ( figures 7(d), (e) ).
While an immense number of phonon modes are supported by this structure, we seek to identify the Brillouin-active phonon modes and their coupling strengths. In what follows, we provide a formal definition for the Brillouin gain coefficients G i  and G i^, and describe the procedure by which they are calculated. We consider guided optical modes at frequencies m w and n w , expressed as E e associated with the ith phonon mode between polarizations l and k as Above, we use the following definitions: ò is the transverse dielectric distribution of the fiber, ρ is the transverse mass density distribution, Q i is the phonon quality factor, ω is the angular frequency of the Stokes wave, f kl is the complex spatial profile for the time-harmonically varying force density produced by the interference between E m k and E n l , as defined in [26] , and A B , á ñ is a vector inner product, defined as x y A B A B , dd · * ò á ñ º . As in [26] , f kl includes forcing due to electrostriction in the body as well at the boundary, in addition to radiation pressure at the surfaces.
Through numerical treatment of forward Brillouin interactions in the HC-PBF system, we make the following approximations and definitions. Since, = =f rom our definition above. Through simulations, the identified Brillouin-active acoustic modes can be cast into two broad categories. The first type have acoustic energy density primarily in the nanoscale silica-air matrix (meshed region) of the fiber ( figure 7(d) ). These 'mesh-modes' are confined by strong acoustic impedance mismatches by the center hole on the inside and by the solid glass cladding on the outside. These mesh-modes also have varying degrees of spatial localization; some have elastic wave energy that extends throughout the silica-air matrix, and others are highly confined to central region (i.e., first few periods) of the silica-air matrix. The other class of modes extends throughout the silica cladding and the silica-air matrix, as seen in figure 7(e) ; these are more reminiscent of Brillouin active modes observed in conventional step-index fibers [23, 24] .
The forward Brillouin gain is calculated with equation (1) and plotted versus frequency in figure 7(g). As opposed to standard symmetric single-mode fiber, where either G i  or G i^i s zero for each acoustic mode (i.e. the product, G G
, the complexity of the HC-PBF allows for a nonzero product of these gains (G G
for a large range of modes. Note that the simulations shown in figures 7(g)-(i) show the total Brillouin coupling produced by the effects of both radiation pressure and electrostriction. Further analysis (based on these simulation methods) also reveal that electrostriction and radiation pressure have a comparable contribution to photon-phonon coupling for many of the dominant Brillouin-active phonon modes. This contrasts sharply with conventional solid core fibers, where electrostrictive coupling is typically orders of magnitude larger than radiation pressure. In the HC-PBF, surface forces (including radiation pressure) produce appreciable coupling owing to the large ratio of surface areas to volumes within the nanoscale silica-air matrix. The more localized mesh-modes exhibit stronger couplings than the acoustic modes that extend to the outer cladding; these localized mesh-modes more frequently have improved overlap with the optical force distribution, a key requirement for appreciable gain (equation (1)).
Simulations also reveal an incredible sensitivity to the critical dimensions of the HC-PBF cross-section. To elaborate on this point, we explore the effect of a plausible variation in the fiber inner diameter (d) within the standard deviation (σ) of the measured (from [34] ) geometric parameters. Three simulations with simulated
respectively, revealing dramatic variations in the frequency and strength of the Brillouin resonances. Since this dimensional sensitivity makes one-to-one comparison between theory and experiment challenging; accurate simulation of the Brillouin response would require detailed and exact specifications of the fiber dimensions along its entire length.
To facilitate a qualitative comparison between the Brillouin measurements of figure 5 and the simulations, we indicate the experimental Brillouin sensitivity (horizontal dashed line) and the frequency bands where Brillouin signatures were detected (shaded gray) in figures 7(g)-(i). Detailed comparison between experiment and simulations reveals three notable points of agreement with the experimental data: the bands over which the Brillouin-active phonon modes exist show reasonable agreement, the gain tapers off rapidly at higher frequencies in theory and experiment, and the gain magnitudes are comparable (∼10
). While the observed dimensional sensitivity makes the identification of individual Brillouin active phonon modes challenging, it also presents an opportunity to either enhance or suppress photon-phonon coupling through small modifications to the fiber dimensions.
6. Noise considerations 6.1. Spontaneous scattering Continuing from section 2.2, the spontaneous Brillouin scattering rates can be expressed in terms of the Brillouin gain coefficient. To a superb approximation, growth of spontaneous Stokes and anti-Stokes fields is given by P z ^. Extending the treatments of [36, 37] to the case of spontaneous forward Brillouin scattering [38] , the total spontaneously generated optical power produced by the ith Brillouin active phonon mode is given by
3 ) represents the total spontaneously scattered Stokes (anti-Stokes) power of the ith mode, integrated over the power spectral density
is waveguide length, k B is the Boltzman constant, T is temperature, Q i is the acoustic quality factor, c is the speed of light, and l is the optical wavelength. Note that like in backward Brillouin and in Raman scattering, in the limit of very low temperatures k T n 1
for anti-Stokes and we see that P P e =´-mW −1 and Q i =200, with P 100 mW 1 = (or 10 18 photons per second), L=10 m, T=298 K, and 1550 nm l = , the total spontaneously generated power scattered by this phonon mode is given by P P 10 2 3 = = pW (or 10 8 photons per second).
Non-ideal coupling
In principle, with proper alignment into the core of the HC-PBF, most of the light can be coupled into the fundamental modes. However, HC-PBF fibers are also known to have a class of optical surface modes with a significantly smaller proportion of energy in the core [39] . Moreover, the surface modes have a stronger overlap with the silica-air matrix and might be expected to give rise to larger Brillouin coupling. By misaligning the light from the core, these optical modes can be more strongly populated, thus allowing for the exploration of this effect. Therefore, the depolarized Ph-FWM spectrum is measured after misalignment of the HC-PBF in the three principle directions (figure 8). The measurements reveal an enhancement of similar resonances as well as the addition of gain for new acoustic resonances. Therefore researchers interested in minimizing noise should take sufficient care to couple only into the fundamental mode. Furthermore, if this noise source is of principle concern, the alignment should be optimized while simultaneously measuring the Brillouin noise signature.
Discussions and conclusions
Through a combination of experiments and multi-physics simulations, we have shown that hollow core photonic bandgap fiber supports a family of densely spaced Brillouin-active phonon modes below 100 MHz with coupling strengths approaching those of conventional silica fiber. Through this study, we have focused on the physics of photon-phonon coupling in a specific 1550 nm bandgap fiber. While the experimental and theoretical methods developed here are very general, note that each photonic bandgap fiber structure will have a different Brillouin response. For example, the fiber used in [25] is designed for use at 800 nm and therefore could be expected to have a different response, requiring independent experimental and numerical investigation.
Through these studies, multi-physics simulations provide a window into complex optomechanical interactions with the nanomechanical silica-air matrix. Specifically, simulations permitted us to identify the character of the Brillouin-active phonon modes, and revealed that both radiation pressure and electrostriction contribute to the strong couplings observed here. Through variation of the fiber dimensions (within a standard deviation) we found that the character, strength, and precise locations of the Brillouin active phonon modes can change substantially. This dimensional sensitivity indicates that it may be difficult to make a one-to-one mapping between experiments and theoretically predicted resonances. On the other hand, this incredible sensitivity of the Brillouin spectrum to fiber critical dimensions suggests opportunity for enhancement or suppression of these interactions.
Using the unique symmetry properties of the Brillouin-active phonon modes in the photonic bandgap fiber, we employed an inter-polarization based Ph-FWM process to obtain virtually background free measurement of the Brillouin spectrum. Note that this measurement approach should be effective for the study of a range of fiber geometries [40] .
As a complement to these measurements, we also presented relatively comprehensive numerical simulations for intra-polarization (co-polarized) and inter-polarization (depolarized) Brillouin scattering processes (appendix). These cases are of more general interest for both noise properties of fibers and as the basis for stimulated scattering processes. Building on these numerical results, we illustrated how these computed coupling coefficients can be used to estimate the Brillouin induced noise properties of the fiber. Hence, these general results serve as the foundation for the phase-and polarization-noise estimates in hollow-core fiber. Brillouin-based noise properties, of the type discussed in [25] could prove important wherever quantum coherence must be preserved.
Note the numerical simulations presented here were very involved, and quite computationally demanding. Hence, future studies could benefit from a combination of numerical optimization and (or) analytical reductions of the system complexity that make design-space exploration more efficient. This system may be amenable to effective medium treatments in certain limits, as the features of the nanoscale silica mesh are far smaller than the acoustic wavelength in many instances.
Inhomogeneous broadening due to the change in dimensions along the fiber axis is expected to affect the Brillouin process in HC-PBF. In addition to the added complication to modeling the fiber, in a strongly inhomogeneous fiber the effective phonon linewidth will broaden. However, from a practical perspective Brillouin scattering may be useful in measuring certain types of inhomogeneities. Finally, we note that the identified Brillouin interactions may also represent a power limitation for applications, and could be useful for nonlinear optical and sensing applications.
